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Abstract

Climate change is driven by several natural and anthropogenic factors and processes through the
perturbation of the Earth’s and atmosphere’s energy budget [12]. Atmospheric aerosols, both natural and
anthropogenic, remain one of the largest sources of uncertainty for climate change [1] with the aerosol vertical
distribution being one of the causes of this uncertainty [23].

In the present work we present a global 3D climatology of aerosol optical depth (AOD) on a 2.5° x 2.5°
horizontal and 500 m vertical resolution. The climatology is created using the CALIOP Level 2 Version 4.10
profile product, during both daytime and nighttime for an 11-year long period (2007-2017).

The results reveal significant spatial variability, with larger AOD over the Northern Hemisphere than
the Southern and over land than oceans. On a mean annual level, greater aerosol load is observed above East
Asia, the Arabian and Sahara Deserts and the Indian Subcontinent. The bulk of the aerosol load is mostly
confined in the boundary layer. The interannual trends of the AOD are also estimated. The results indicate
statistically significant (at the 95% level) increasing AOD trend over India and statistically significant decreasing
trends in East Asia and the Arabian Peninsula. Smaller, albeit mostly statistically significant, decreasing trends
are also found over Europe, the eastern United States and parts of South America. Our results are also compared
against corresponding data from the MODIS - Aqua Dark Target - Deep Blue combined product (collection 061,
level 3). Preliminary results reveal that the interannual trends based on CALIOP and MODIS AOD are in
generally good agreement.
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1. Introduction

The atmosphere is composed mostly of gases, but also contains liquid and solid matter in the form of
particles, like clouds and aerosols [1]. Aerosols significantly affect the Earth's Energy Budget, while they
interact, mainly, with solar radiation, through absorption and scattering. However, the concentration of aerosols
and their properties are extremely variable in space and time.

However, it is pointed out that long-term studies using 3-D aerosol data are scarce, while being so much
important. This study comes to fulfill this need, by using CALIOP data that come from the longest available
aerosol database enabling vertical distribution.

The effect of aerosols on radiation may be (i) either direct, where the aerosols themselves scatter and absorb
the solar and terrestrial (infrared) radiation, or (ii) indirect, where the aerosols modify the microphysical, optical
and radiative properties of the clouds [28]. Moreover, there is also the semi-direct effect, which originates from
the absorption of solar radiation by the aerosols that can modify the vertical profile of the temperature in the
atmosphere, thus affecting the atmospheric stability and convection ([7]; [17]; [29]).

The interaction of aerosols with radiation, depend on their size, shape and chemical composition [1].
Atmospheric aerosols contain sulphate, nitrate, and ammonium elements, organic materials, metal oxides,
hydrogen ions and water, while undergoing chemical and physical processes, resulting in a large and relatively
rapid removal by sedimentation [1].



Aerosols are classified to different types, according to their origin, formation, shape and size. As to their
origin, aerosols can be either natural or anthropogenic. Some examples of naturally occurring aerosols are desert
dust, volcanic particles, and sea salt, while examples of aerosols of anthropogenic origin are urban-industrial
aerosols and aerosols produced by building or construction activities. Biomass burning aerosols can be of either
natural or anthropogenic origin. Worldwide, about 90% of aerosols are estimated to be of natural origin, while
the remaining 10% are anthropogenic [27]. Most aerosols are located in the lower part of the troposphere, but
their effect on radiation is sensitive to their vertical distribution. It is worth noting that the concentration of
aerosols found in the troposphere has increased in recent years due to the increased anthropogenic emissions of
aerosols and their precursor gases [28].

Aerosols are also classified in primary and secondary. The term primary refers to aerosols that are emitted
directly into the atmosphere, while secondary aerosols are products of chemical reactions from precursor gases
[1].

Finally, aerosols are separated according to their size, which helps to better understand their effects, not only

on climate, but also on human health. The size of aerosols ranges between nearly 0.01 um and 100 pm [24] and
depends on the age of the plume (suspension) they form and their interaction [8]. Particles with a diameter of
less than 2.5 pm belong to the fine mode, while particles with a diameter greater than 2.5 um belong to the
coarse mode. Large particles have high sedimentation rates and precipitate in the short term. Small particles
represent a small percentage of the total mass of aerosols, but they are crucial for the effect on human health.
Both types of acrosols have different sources of origin, and their transformation and removal mechanisms differ
inside the atmosphere. These differences are identified both in their chemical composition and in their optical
properties [24].
The aerosols are removed from the Earth's atmosphere by their aggregation with other particles and by the
process of deposition on the Earth's surface. Moreover, it is mentioned that nucleation scavenging and
conversion to cloud particles is also another mechanism. The deposition can be distinguished in dry deposition,
which refers to the transfer to Earth’ s surface due to gravity, and in wet deposition, which consists in removing
the particles from the atmosphere, through their introduction into the precipitation [24].

In addition, it is noted that due to the short residence time of aerosols in the atmosphere and their different
sources of origin, they are observed to be distributed unevenly, with maximum concentrations close to the
sources [1].

In order to clarify and quantify the effect of aerosols on the climate, it is important to know their spatio-
temporal distribution, as well as their chemical and optical properties [9]. In addition, another factor that
strengthens this uncertainty is the incomplete knowledge of aerosols’ vertical profiles and the errors that can be
introduced due to the incorrect classification of the vertical superposition of clouds and aerosols ([14]; [2]).

The calculation of Aerosol Optical Depth (AOD) is based on the Beer — Lambert law

dF

F_O - _bext * dx

,where Fy is the intensity of the incoming radiation flux, dF the change of the radiation flux due to extinction
when traversing a path of length dx and be is the extinction coefficient of the medium.

The result from integrating the above equation between two heights xo and x(x¢> X) is:
F = Fy* o™ Jeo Pertax
and
Text = f bexy * dx

Consequently the 2" equation becomes:
F = FO * e Text

where Ty is the Aerosol Optical Depth.



2. Data and Analysis

Until recently, the available satellite aerosol optical properties data (e.g. MODIS) were limited to columnar
values without being able to provide aerosol vertical distributions, which is of great interest. Such data have been
made available thanks to Cloud-Aerosol Lidar with Orthogonal Polarisation (CALIOP) instrument onboard the
Cloud-Aecrosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO). In the present study the data
from CALIOP are used in order to be able to investigate the vertical profile of the acrosols.

2.1. Input Data

CALIPSO observes the vertical distribution of aerosols and clouds since June 2006, through its primary
instrument CALIOP [25]. CALIPSO is part of the A — Train (Afternoon Train), which also includes the Aqua,
CloudSat and Aura satellites, flying in a 705-km sun-synchronous polar orbit providing global coverage between
82°N and 82°S, giving a 16-day repeat cycle, with an equator-crossing time of about 13:30 local solar time.
([25]; [31]). The orbit inclination of CALIPSO is at 98.2(] [30].

In this study, CALIOP Version 4.10 Level 2 Profile Product has been used. This product contains significant
improvements in comparison with previous releases. The most important are the addition of a new subtype of
aerosol named "dusty marine" and the separation and classification of aerosols located in the stratosphere [15].
The vertical resolution of CALIOP Level 2 data is 30 m up to the altitude of 8.2 km and 60 m for higher altitudes
up to 20.2 km. The horizontal resolution is 5 km, however some layers are detected at coarser horizontal
resolutions.

2.2. Analysis

In particular, the vertical profile of the extinction coefficient was used, from which the AOD was calculated.
The data were averaged in space and time and monthly profiles with horizontal resolution of 2.5(7 x 2.5[] and
vertical resolution of 500 m (summing the raw resolution AOD data, up to 15 km) were calculated for the study
period 2007-2017. For the calculation of the averaged profiles, we used the same quality control flags and
criteria as Korras-Carraca et al., [16]. This averaging and quality screening methodology is similar to that
described by Tacket et al., [25] applied in order to get the official level 3 product. Samples that do not match
these criteria, were excluded from the analysis and were defined as missing values. Only samples corresponding
to aerosols were used in the analysis. Samples that correspond to clouds were excluded and set as "missing
value", while "clean air” samples were set as 0. The heights of the aerosol layers in this study correspond to
values above mean sea level.

The data produced from the above methodology correspond not only to the profile, but also to the columnar
AOD. In addition, the "Feature subtype" parameter has been used, which gives information on the type of
aerosols in each layer, and the vertical and columnar profiles of Dust AOD were calculated. For this purpose,
only categories classified by CALIOP as Dust, Polluted Dust and Dusty Marine were taken into account in the
analysis. Data corresponding to the other acrosol classes was set as “missing value”.

Subsequently, the mean (climatological) monthly, seasonal and annual data were calculated from monthly

data, in the same spatial analysis. For the calculation of mean monthly climatological profiles, we set the
restriction that data be available for at least 6 years. Mean climatological seasonal and annual profiles were
calculated by averaging the mean monthly climatological profiles. In addition, the columnar AOD, for both total
and dust aerosol subtypes, was calculated by summing the values of the profile, with the restriction that two-
thirds of the profile has no "missing value".
Moreover, CALIOP AOD trends were calculated for the period 2007-2017. For this calculation, it was first
necessary to calculate the time series of the anomalies for each month, in order to remove the seasonality (Time
series Anomalies= Monthly Values - Mean (climatological) Monthly Values). Then, we checked whether the
data follow normal distribution. If they follow normal distribution, a simple linear regression was applied for the
calculation of the p-value (statistically significant areas). In the opposite case we used the non-parametric Mann-
Kendall test. The p - value parameter examines whether the results extracted from its statistical test, either the
linear regression or the Mann — Kendall tests, are statistically significant on the 95% confidence level. Finally,
the Theil Sen method has been used in order to calculate the slope of the trend. The Theil Sen method has been
chosen, as it is less sensitive to outliers, autocorrelation, and heteroscedasticity of errors in the input data,
compared to the Least Squares method [10].



3. Results
3.1. Mean Annual Results

On a mean annual level, high AOD values are found in the northern hemisphere, mainly over land areas
with significant sources of aerosols, such as deserts, as well as over oceans, such as the tropical North Atlantic
and the Arabian Sea, where continental aerosols are transported. The highest AOD occurs in eastern Asia and
India, with a range from 0.46 to 0.81, due to the significant presence of urban - industrial sources, biomass
burning and dust aerosols. Relatively high AOD values, from 0.36 to 0.68, are observed in the arid and semi-arid
regions of the Arabian Peninsula, North Africa and central Asia, where the aerosol load mainly consists of dust
aerosols. In addition, over areas where biomass burning occurs (such as the southern and central Africa, as well
as the Amazon Basin) [31, 13], the AOD is moderately high, from 0.28 to 0.46. Finally, medium to high AOD
values (from 0.28 to 0.46) are observed in the tropical North Atlantic Ocean and the Arabian Sea, due to the
advection of continental aerosols from adjacent arid and semi-arid areas.
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Fig. 1: a) Geographical distribution of the global mean annual AOD from CALIOP for the period 2007 — 2017,
b) same as a) but for Dust AOD, ¢) Mean annual values of AOD and percentage of Dust AOD with respect to the
total AOD

On a global scale the mean annual AOD is 0.13 of which 51 % is attributed to dust particles, according to
the CALIOP classification scheme. In the Northern Hemisphere (NH), the annual average is 0.16 (63 % dust)
and in the Southern Hemisphere is 0.10 (32 % dust) indicating a strong inter-hemispherical asymmetry caused
by the existence of the world greatest deserts in the NH.

3.2. Seasonal Results

A significant seasonal variation is also evident with generally larger aerosol load, during boreal spring and
summer compared to autumn and winter.

More specifically, in winter the regions with the highest AOD are located mainly in central Africa and the
Sub-Sahel, with a range from 0.56 to 1.11. These high values are due to the extensive biomass burning that takes
place during the winter (dry period) in the aforementioned regions and the transport of desert-dust particles from
the Sahara, through the Harmattan winds [6, 3]. Large aerosol load, originating from central and northern Africa
is transported over the Gulf of Guinea and the tropical North Atlantic Ocean, and contributes to the relatively
high AOD observed above the aforementioned marine areas. High AOD values, from 0.42 to 1.11, are also
observed inIndia and in south-east and east Asia, while medium AOD values from 0.14 to 0.42, are observed in
the Arabian Peninsula and the east coast of South America. In the case of dust aerosols, a similar geographical
distribution is observed, indicating that during winter in regions with a relatively high AOD, a significant
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fraction of the aerosol load consistsof dust. More specifically, relatively high dust AOD values are observed in
central Africa, the Sub-Sahel and East Asia, from 0.42 to 0.90, and medium values are observed in the Arabian
Peninsula and India, with a range from 0.14 to 0.42.
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Fig. 2: a) Geographical distribution of the global mean Winter AOD from CALIOP for the period 2007 — 2017,
b) same as a) but for Dust AOD

In spring, there is an increase in the AOD over most of North Africa, the Arabian Peninsula and Arabian
Sea, India and part of central Asia (especially in the Taklamakan Desert), with values from 0.31 to 0.93. It is
noted however, that the maximum AOD found in spring, is smaller than that of the winter (0.93 compared to
1.11). High AOD continues to prevail over the eastern Asia, with a range from 0.56 to 0.86. The increase of the
AOD values during spring is due to a large increase in the dust activity in the Sahara, Arabian and the
Taklamakan Desert ([18]; [21]). The increased presence of dust over vast areas of the planet, which mainly
include central Africa, with values from 0.21 to 0.71, the Arabian Peninsula, from 0.42 to 0.86, India, from 0.56
to 0.86, and central Asia, mainly in the Taklamakan Desert, 0.56 - 0.86. In the tropical North Atlantic Ocean, a
significant amount of dust is transported from the prevailing northeastern winds and observed values have a
range from 0.21 to 0.56. Medium to high AOD observed in Central America are due to biomass burning [13] and
range from 0.21 to 0.56.
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Fig. 3: a) Geographical distribution of the global mean Spring AOD from CALIOP for the period 2007 — 2017,
b) same as a) but for Dust AOD

Summer is the season of maximum aerosol load over the majority of the world's regions, with AOD values
reaching up to 1.43. Particularly high values are observed over the Sahara, from 0.42 to 0.86, and the Arabian
desert, from 0.71 to 1.43, due to the strong dust activity in summer. Higher AOD are still observed in north-west
India and more specifically in the Thar Desert and the Indus Valley, with a range from 0.86 to 1.43, due to the
increased concentration of dust [20]. Significant aerosol load, mostly consisting of transported dust [21], is
observed in the Arabian Sea with AOD from 0.86 to 1.43. Moreover, in the tropical North Atlantic Ocean, there
is a northward latitudinal shift of the dust belt, following the latitudinal shift of the Intertropical Convergence
Zone (ITCZ). In this region, the AOD values range from 0.21 to 0.71. In South Africa, the observed, particularly
high, AOD values are due to the extensive biomass burning occurring in winter and spring of the southern
hemisphere [11, 3, 5] which is the dry period and take values from 0.21 to 1.43.
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Fig. 4: a) Geographical distribution of the global mean Summer AOD from CALIOP for the period 2007 — 2017,
b) same as a) but for Dust AOD

The smallest AOD compared to the other seasons is observed in autumn, with maximum values reaching up to
0.88. Medium to high AOD values are observed in regions where biomass burning is taking place, such as in
south-east Africa (0.31 — 0.71) and in parts of South America (0.21 — 0.71), [26, 22]. The dust activity is
significantly lower in the autumn, compared to spring and summer, so there is a clear reduction in AOD over the
arid regions of the planet. Regions such as the Sahara, the Horn of Africa, the Arabian Peninsula, the Arabian
Sea and south-east Asia have AOD values between 0.21 and 0.56, while in India, especially in Indus Valley and
Thar Desert, AOD ranges from 0.42 to 0.71.
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Fig. 5: a) Geographical distribution of the global mean Autumn AOD from CALIOP for the period 2007 — 2017,
b) same as a) but for Dust AOD

3.3. Trends
In this section, total and dust AOD trends from 2007 to 2017 are presented. Regions, where trends are

statistically significant, on a confidence level of 95%, are represented by a cross. In blue colors are depicted the
downward trends, while in red the upward trends.

Legend ; £ Nl SR, ot T Legend
9 s A g
e el AOD Dust Trends (per decade)
T e— + s 5. vy |
a3 M ® . 02 o1 00 oAb B " A3 Al - A3, oM ® A ofR 00 00 o4 08 3 A3 AT
09808+ 0% 11 - 9% o8 - 0% 040 ea - 09 oot -0 oo 0% 00 0% 04 -0, gg 02 - 04T 13 -0 pate Oa - 00 9% . 000y 0By 00y 08N 00 g 00 4 808 g0 14013180

AQD Trends (per decade)

+ st Sig. (95%)




Legend ~—
AOD Trends (per decade)

+ st Sig. (95%) T Y T T
A A o 900 0y 00 002 g 0%

Fig. 6: a) Global AOD Trends from CALIOP, 2007 — 2017, b) the same as a) but for Dust AOD, c) Global AOD
Trends from MODIS, 2007 — 2017

A statistically significant increasing trend (up to 0.17 per decade) has been observed over India, attributed
possibly to the enhanced anthropogenic emissions [10]. On the other hand, statistically significant decreasing
trends (up to 0.38 per decade) are observed in East Asia and the Arabian Peninsula. In case of Asia the decrease
is largely associated with reduced anthropogenic emissions [19] and a decrease in the dust activity in central
Asia, while for Arabian Peninsula it may be attributed to natural factors (precipitation, humidity, Monsoons etc).
Smaller, albeit mostly statistically significant, decreasing trends are also found over Europe, the eastern United
States and parts of South America. There are mostly due to the decrease in anthropogenic emissions [19]
resulting from applied policies.

Slightly downward trends occur in eastern Australia (from 0.02 to 0.04 per decade), observed also in
previous studies [19, 4] and the Central Pacific Ocean (from 0.02 to 0.08 per decade). Finally, statistically
significant weak upward trends are also observed in the South Ocean and parts of Siberia ranging from 0.01 to
0.02 per decade.

Similar results also arise for the dust aerosol trends, except from Central Pacific Ocean region, where no
significant dust AOD trends were recorded.

Moreover, CALIOP results are compared against corresponding data from MODIS - Aqua Dark Target -
Deep Blue combined product (collection 061, level 3). The MODIS AOD data are regridded on a 2.5°%2.5°
horizontal resolution. The interannual trends based on CALIOP and MODIS AOD are in generally good
agreement. However, based on MODIS, generally decreasing trends are found over the North Hemisphere,
except from India and parts of Siberia, and increasing trends are found in central Atlantic Ocean, over the Gulf
of Guinea, and west of South America, in Pacific Ocean. In contrast with CALIOP there is no trend to be found
in South America. The differences between MODIS and CALIOP can be partly explained due to the use of all
available MODIS data (during each month) and not the common days between the two databases.

3.4. Vertical Profiles

In this section, the vertical profile profiles of total and dust aerosols, for six regions characterized by a high
load of aerosols of both natural and anthropogenic origin, are presented. The selected regions, which are
representative of different aerosol regimes, are North and South Atlantic Ocean, South Africa, India, East Asia
and the Sahara - Middle East.
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Fig. 7: Regions characterized by a high load of aerosols
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Fig. 8: a) Total Aerosol and Dust load for the East Asia, b) same as a) but for the India

For the East Asia and India, the largest aerosol load is observed in the boundary layer and the lower free
troposphere, namely within the first 2.5 km. Dust particles contribute half as much to the total aerosol load in
that area. The fraction of aerosols that do not correspond to the types of dust (CALIOP-based types is not shown
here), comes from anthropogenic sources due to the intense industrial activity and the presence of large urban
centers in the area. The relative contribution of dust particles over India is larger in the mid-upper troposphere,
from 2 km and up, while aerosols reach up to higher altitudes (e.g. 3-3.5 km) over this world area.
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Fig. 9: a) Total Aerosol and Dust load for the Sahara - Arabian Peninsula, b) same as a) but for the tropical
North Atlantic Ocean

Focusing on the Sahara and the Arabian Peninsula, relatively large AOD values are observed up to about 6
km. Most of the aerosols in these areas consist of dust particles. For the tropical North Atlantic Ocean, the
largest load of aerosols is located up to 2km, and about half of them consist of dust aerosols transported from the
Sahara Desert. At lower altitudes (within the boundary layer), a significant fraction of the aerosols consists of
marine particles, while at higher altitudes the dust aerosols, which are advected from Sahara, are predominant.
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Fig. 10: a) Total Aerosol and Dust load for the South Africa, b) same as a) but for the tropical South Atlantic
Ocean

As for South Africa, large aerosol load is observed from the surface up to 4 km. In this area biomass burning
aerosols dominate. As a result, the contribution of dust particles to the total aerosol load is very low. Finally, in
the tropical South Atlantic Ocean, a double maximum is observed in the vertical profiles, the main one within
the atmospheric boundary layer (up to 1.5 km) and the secondary at a height of between 2 km and 4 km. Within
the boundary layer, the aerosol load mainly consists of marine particles; while in the upper layers dominate
biomass burning aerosols transported from the South Africa. The presence of dust is small.

4. Summary and Conclusions

In this study, the spatial distribution, the intraannual variation and interannual trends of the total, as well as
dust aerosols, worldwide, using 11-year data from CALIOP have been investigated. Also, the mean annual
vertical profiles for both total and dust aerosols, for six region of increased interest, were analyzed.

In detail, it is observed that larger AOD values are recorded over land areas. In particular, the largest annual
AOD values are recorded in the regions of India and East Asia, where there are many natural and anthropogenic
aerosol sources, as well as above deserts such as the Sahara, Taklamakan, Thar and the Arabian Desert, mainly
characterized by dust aerosols. Marine areas with large AOD are the Arabian Sea and the tropical North Atlantic
Ocean, due mainly to the export of aerosols from the adjacent continental areas, such as the Arabian Peninsula
and northern Africa. Medium annual AOD values are recorded in South Africa and are mainly due to biomass
burning.

The AOD generally has a large intraannual variation. Worldwide, higher AOD is observed during boreal
spring and summer, compared to winter and autumn. In winter and spring, larger aerosol load consisting mainly
of dust particles are recorded in regions of East Asia, India, the Arabian Peninsula and the Sahara Desert. In
summer and autumn, apart from the aforementioned areas, high AOD values are observed in South Africa and
the Amazon Valley, mainly due to biomass burning. In autumn, the world's smallest AOD values are recorded
worldwide.

As far as trends are concerned, strong upward trends are recorded in India, mostly statistically significant,
due to an increase in anthropogenic emissions.Upward trends are also observed over the Sahara Desert and North
Atlantic Ocean. However, the upward trends recorded in the Sahara Desert, contradict previous research, perhaps
due to different study period (2007-2017). Low upward statistically significant trends are also recorded in the
Southern Ocean. Strong statistically significant downward trends are recorded in the Arabian Peninsula, which
may depend on natural (meteorological) factors (changes in atmospheric circulation and rainfall), and East Asia,
which depend on the reduction of anthropogenic emissions and the implementation of environmental protection
measures. However, the downward trends observed in the Arabian Peninsula, contradict previous research,
probably due to different study period. Low statistically significant downward trends are also recorded in the
regions of Europe, North and South America, due to the reduction of anthropogenic emissions from the
implementation of environmental protection measures. The interannual trends based on CALIOP and MODIS
AOD are in generally good agreement. However, there are also some differences.

With regard to dust aerosols results, which are similar to those of total aerosols were recorded, with the
largest proportion, however, not showing significant trends. Strong statistically significant trends in dust aerosols
are observed in India (northern part, and Indus river valley), Sahara Desert and tropical North Atlantic Ocean.
Strong downward statistically significant trends for dust aerosol are recorded in regions such as East Asia and
Arabian Peninsula, as well as in the total aerosols. Low downward trends are recorded in parts of South and
North America, as well as Australia.

Finally, with regard to the vertical profiles for total and dust aerosols, six areas of increased interest were
examined: India, East Asia, Sahara - Middle East, tropical North Atlantic Ocean, tropical South Atlantic Ocean
and the southern Africa. The bulk of the aerosol load is mostly confined in the boundary layer. However, in
regions with significant aerosol sources, such as the Sahara and Arabian Deserts, India and East Asia we observe
a large vertical extent of the aerosol layer with relatively large AOD up to the height of 6 km. At the South
Atlantic the vertical distribution of AOD has a double maximum. The first maximum is observed in the marine
boundary layer while the second is in the free troposphere and is associated with advected smoke from Southern
Africa.
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